Mycobacteria produce large quantities of lipoarabinomannan, a cell wall associated glycolipid, which confers virulence in many of the disease causing members of the genus. We studied the lipoarabinomannan induced altered signaling mechanism in human peripheral mononuclear cells. Lipoarabinomannan isolated from Mycobacterium smegmatis (a non-pathogenic species) at concentrations of 2, 5 and 10 Wg ml 3I was used for the study. It was found that protein kinase C activity of human mononuclear cells was significantly inhibited by lipoarabinomannan at these concentrations in a dose dependent manner. Calcium, phosphatidyl serine and diglyceride dependent phosphorylation of endogenous proteins (mainly 90-, 80-, 66-, 38-, 36-and 34-kDa proteins) were also inhibited. Potentially cytotoxic superoxide anions generated by peripheral blood mononuclear cells were scavenged by lipoarabinomannan. It was also observed that incubation of peripheral blood mononuclear cells with lipoarabinomannan at concentrations of 5 and 10 Wg ml 3I for 6 h directed the cells towards apoptotic cell death, confirmed by DNA degradation analysis, microscopic observation of Wright-Giemsa as well as DAPI stained nuclei. These results clearly demonstrate that lipoarabinomannan from M. smegmatis may exert its cytotoxic activity via inhibition of protein kinase C, a key signaling molecule inside the mononuclear cells, which ultimately affects the phosphorylation of various proteins imperative for cellular defence and survival. z
Introduction
Lipoarabinomannan (LAM) is a cell wall associated glycolipid present in di¡erent species of mycobacteria. It exhibits a wide range of immunoregulatory e¡ects [1^3] and has been designated a potent immunogen of Mycobacterium tuberculosis and Mycobacterium leprae, the causative agents of tuberculosis and leprosy respectively. M. tuberculosis produces large amounts of this complex lipopolysaccharide (15 mg g 3I of bacteria) [4, 5] . Immunogold staining has demonstrated that LAM exists in the capsular sheath encasing the cell of Mycobacterium [5] , which places it in the front line of attacks directed by the various antimicrobial activities by macrophages.
Various studies have shown that LAM from M. tuberculosis can abrogate T-cell activation [1] , inhibit interferon gamma mediated activation of macrophages [2] and downregulate the cellular defence machinery of macrophages at several levels, like inhibition of protein kinase C (PKC) activity [3] and scavenging of cytotoxic free radicals [3, 6] , thereby facilitating perpetuation of the mycobacterial parasite within the hostile intramacrophagial environment.
Most interestingly, our work on LAM isolated from a non-pathogenic species of mycobacterium, M. smegmatis, has revealed it to be highly cytotoxic. LAM from M. smegmatis has marked structural disparity with that of M. tuberculosis. The former is mainly an ara-LAM which lacks the mannose capping at the non-reducing termini as evidenced in the latter studies [7^9] . Recent reports on work with non-virulent (H37Ra) strains of M. tuberculosis by D. Chatterjee et al. [10] have attributed this as the structural basis of virulence factor. We for the ¢rst time report in this paper that smegmatis LAM mimics the e¡ect of tuberculosis LAM on human peripheral blood mononuclear cells (PBMC) in the respect that it downregulates the normal PKC mediated signaling pathway. Our results show that smegmatis LAM e¡ectively scavenges the superoxide anions in human PBMC. It inhibits PKC mediated signal transduction, downregulating phosphorylation of several important cellular proteins. The message also passes down to the nucleus, evidenced by DNA damage, all of which indicates that this LAM from the non-pathogenic source retains some essential structural basis for elucidating a cytotoxic response in cells.
Materials and methods

Puri¢cation of LAM
LAM was puri¢ed from strain LR222 of M. smegmatis, grown in 2XYT medium supplemented with 0.5% glycerol and 0.2% Tween-80 at 37³C kept in shaking condition at 200 rpm for 3 days. For puri¢cation the standard method of Hunter et al. [4] was followed.
Healthy donors
Peripheral blood was collected from 18 adult healthy individuals of both sexes. All of them were from a middle socio-economic background and were HIV and hepatitis-B negative.
E¡ector cells
PBMC were isolated by centrifugation on FicollHypaque density gradient. The cells at the interphase were collected, washed and resuspended in RPMI 1640 culture medium (Sigma) supplemented with 10% fetal bovine serum (Gibco BRL).
Preparation of whole cell lysate of PBMC
The untreated (control) and LAM treated PBMC suspended in RPMI were pelleted by centrifugation at 2000 rpm for 10 min. The cells were then resuspended in ice cold extraction bu¡er containing 50 mM Tris-HCl, pH 7.5, 50 mM EGTA, and an anti-protease mixture consisting of 0.33 mM leupeptin, 0.2 mM PMSF, 0.35 mM antipain, 0.24 mg ml 3I chymostatin, 0.35 mM pepstatin, 4.8 TIU ml 3I aprotinin and 50 mM 2-mercaptoethanol. The mixture was sonicated for 5^10 s at 4³C. The postnuclear fraction was discarded by centrifugation.
PKC assay
4U10
T PBMC per petri plate were incubated with 2 and 5 Wg ml 3I of LAM at 37³C for 6 h. Following incubation, the cells were sonicated in PKC extraction bu¡er and whole cell lysates were prepared as described by Majumdar et al. [11] . PKC was assayed in the presence and absence of calcium (Ca P ), phosphatidyl serine (PS) and diglyceride (DG) (Sigma), by measuring the incorporation of QP P (BARC, India) into histone type III S (Sigma) as described by Majumdar et al. [11] . Aliquots equivalent to
1.25U10
S cells were incubated in 50 Wl reaction mixture consisting of 35 mM Tris-HCl, pH 7.5, 0.01% Triton X-100, 10 mM 2-mercaptoethanol, anti-protease mixture, 0.4 mM EGTA, 10 mM MgCl P , 20 Wg ml 3I PS, 2 Wg ml 3I DG, 160 Wg ml 3I histone type III S and 50 WM (1 WCi) [Q-
QP P]ATP in the presence of 0.6 mM CaCl P . Incubation was at 30³C for 30 min. The reaction was stopped by adding 5 Wl of ice cold 75 mM phosphoric acid. Precipitates were spotted on P-81 Whatman paper and the papers were washed with 75 mM phosphoric acid followed by absolute ethanol and QP P incorporation was determined in a liquid scintillation counter (Wallac). The activity was measured as QP P incorporated per mg protein per minute. The non-phospholipid and non-calcium dependent phosphorylation was subtracted from the total amount of QP P incorporated in order to determine the total Ca P /PS/DG dependent PKC activity [11] .
Phosphorylation of endogenous substrates
8U10
T PBMC per petri plate were treated with 2 and 5 Wg ml 3I LAM for 6 h. The whole cell sonicate of PBMC was used as both endogenous substrate and kinase sources. The phosphorylation reactions were carried out in the presence or absence of PS/DG/Ca P , containing 50 WM [Q-QP P]ATP as described previously [11] .
Measurement of superoxide anion generation
4U10
T PBMC per set were treated with 2 and 5 Wg ml 3I of LAM respectively and incubated for 3 h. The generation of superoxide anion was measured as superoxide dismutase-inhibitable cytochrome c reduction by a continuous recording method at 550 nm [12] .
Analysis of DNA fragmentation
2U10
T cells were treated with 5 and 10 Wg ml 3I of LAM and incubated at 37³C for 6 h. Chromosomal DNA was extracted from PBMC by incubating the cells in Tris-EDTA bu¡er, containing NP-40, RNase and proteinase K (Boehringer-Mannheim) [13] . DNA fragmentation was analyzed by 1.2% agarose gel electrophoresis.
Wright-Giemsa staining
2U10
T cells per set were treated with 10 Wg ml
3I
of LAM for 6 h and then collected by centrifugation and dissolved in 50 Wl PBS. 20 Wl was taken in a slide, ¢xed with absolute alcohol, dried and incubated with Giemsa stain dissolved in PBS for 10 min. Then slides were washed with PBS and air dried and visualized under the microscope.
Staining with 4,6-diamidino-2-phenyl indole (DAPI)
Cells after incubation with 10 Wg ml 3I LAM were collected in PBS and ¢xed with absolute alcohol, and stained with 1 Wg ml 3I DAPI, a DNA speci¢c dye, and visualized under the microscope using UV-transmittance ¢lter for illumination at 470 nm [14] .
Results and discussion
E¡ect of LAM on PKC activity
In our present study, LAM from M. smegmatis was found to play an altogether suppressive role Fig. 1 . E¡ect of LAM on the protein kinase C activity of human PBMC. PKC was assayed in the presence of PS/DG/Ca P by measuring the incorporation of QP P into histone type III S. PKC activity was measured in untreated PBMC (control) and PBMC treated with 2 and 5 Wg ml 3I of LAM. Activity was calculated as pmol of QP P incorporated in histone per mg of protein per minute, mean þ S.D. (n = 6). The value of control (untreated) was expressed as 100%, which is equivalent to 50.3 þ 3.8 pmol mg protein 3I min 3I . Basal activity was subtracted in all conditions. on the normal functioning of human mononuclear cells. LAM from M. smegmatis at concentrations 2 and 5 Wg ml 3I downregulated Ca P dependent protein kinase C activity of human PBMC drastically and in a dose dependent manner (Fig. 1) . On treating the cells with 2 Wg ml 3I of LAM, there was 60% inhibition and with 5 Wg ml 3I LAM there was about 90% inhibition of the Ca P dependent PKC activity, relative to control (Fig. 1) . PKC is a key signaling molecule that operates under normal cellular conditions and phosphorylates several important proteins that e¡ectively run the intracellular defence machinery, promote cell growth and prevent apoptosis [15] . It is known that during in£ammatory diseases the intracellular release of calcium is a¡ected and under similar conditions, di¡erent PKC isotypes might also be a¡ected [16] . The activities of di¡erent isotypes of PKC on treatment with LAM are yet to be studied. However, inhibition of PKC by smegmatis LAM indicates an alteration of the normal signal transduction pathway.
E¡ect of LAM on endogenous protein phosphorylation
Inhibition of PKC activity by LAM prompted us to study the PKC mediated endogenous protein phosphorylation pro¢le of PBMC. As illustrated in Fig. 2, PKC in control sets (lanes A and B) strongly phosphorylated 90-, 80-, 70-, and 67-kDa proteins and weakly phosphorylated the 75-, 38-, 36-, and 34-kDa proteins in presence of its activators Ca P , PS and DG (Fig. 2, lane B) . But when cells were treated with 2 and 5 Wg ml 3I of LAM phosphorylation of the above-mentioned endogenous proteins were inhibited (Fig. 2, lanes D and F) even in the presence of PKC activators. This inhibition might also be due to activation of certain cellular phosphatases [17] in the system which is yet to be explored. Inhibition in the phosphorylation of 80-, 67-, 47-, 38-, and 36-kDa proteins was of importance because of their valuable roles in maintaining normal cellular function. The strongly phosphorylated 80-kDa band may represent PKC itself, since PKC can be autophosphorylated [11] . According to Heine et al. Fig. 3 . Dose dependent e¡ect LAM on superoxide anion generation. PBMC were treated with 2 and 5 Wg ml 3I of LAM and incubated at 37³C for 3 h. E : control (untreated) ; 7: cells treated with 2 Wg ml 3I LAM; a : cells treated with 5 Wg ml 3I LAM. The generation of superoxide anion was measured as superoxide dismutase inhibitable cytochrome c reduction at 550 nm and the changes in optical density were noted after every 15 s. Representative experiment of three. of LAM. The whole cell sonicate was used as endogenous substrate and kinase sources. Phosphorylation reactions were done in a PS/DG/Ca P dependent manner. Proteins were separated on SDS-PAGE (10% gel) followed by autoradiography. Representative experiment of three. [18] , interaction of LPS with human monocytes causes altered phosphate labelling of cytosolic proteins, viz. 36-kDa and 38-kDa. LAM induced inhibition of these 34-, 36-, and 38-kDa proteins indicated interference of LAM with cellular di¡erentiation of human monocytes as a role of these proteins in monocyte di¡erentiation was suggested by Heine et al. [18] . Phosphorylations in the absence of PKC activators represent the activities of some cellular kinases other than PKC present in the cell or even some isotypes of PKC which are Ca P independent [11, 19] . LAM induced impairment of PKC mediated phosphorylation of the 67-kDa protein was seen (Fig. 2, lanes D and F) with a feeble inhibition of the 47-kDa band. The identity of the 67-kDa band has not been established but the phosphorylation of the 47-kDa band is implicated in the assembly of NADPH oxidase [20] .
Scavenging of superoxide anions by LAM
Consequently inhibition of superoxide anion generation was studied (Fig. 3) . The superoxide anion production was greatly accelerated when fMLP (10 3U M) was added to the PBMC suspension in bu¡er (untreated control set) (Fig. 3) . In contrast, when PBMC were pretreated with di¡erent doses of LAM as mentioned above, and stimulated with fMLP, superoxide anion generation was inhibited (Fig. 3) . Superoxide anion generation is the end response of phagocytic cells in the host defence mechanism as this has microbicidal activity [21] . Activation of PKC has been implicated in the assembly of NADPH oxidase components for the generation of superoxide by phagocytic cells [16, 22, 23] . Thus our study implies that LAM from M. smegmatis has the capacity to evade the intracellular killing of the bacteria by human PBMC via downregulation of PKC mediated phosphorylation and inhibition of superoxide anion generation. 
LAM induced apoptosis
All these results so far suggest that smegmatis LAM altered the PKC mediated normal signaling mechanism in human PBMC. Altered signaling pathway may often involve the production of ceramide via activation of sphingomyelinase, followed by the activation of several kinases, like j-PKC, which may lead to the apoptotic pathway [15, 23] . To investigate whether exogenously added LAM from M. smegmatis triggered the apoptotic pathway or not, we carried out a DNA degradation study with control and 5 and 10 Wg ml 3I LAM treated cells (Fig. 4) . A trailing pattern of DNA was noticed in the treated sets (lanes 2 and 3), with faint ladder formation in lane 3. Recent reports, however, suggest that the appearance of a DNA ladder is not an obligatory event in apoptotic cell death [24, 25] . We have further con¢rmed the prevalence of the apoptotic phenomenon on treatment with LAM by morphological studies. We stained nuclei with Wright-Giemsa stain and DAPI, a £uorescent dye, as indicated in Section 2. Figs. 5 and 6 show that the nuclei have undergone apoptotic fragmentation on treatment with 10 Wg ml 3I of LAM. This apoptosis might be either the direct e¡ect of LAM or the production of certain cellular cytokines, which is not known yet. It is now well known that LAM from the virulent strain of M. tuberculosis, the Erdman strain, elicits much less tumor necrosis factor K (TNF-K) secretion relative to that of the avirulent H37Ra strain [10] . The structural basis behind this is that the avirulent strain H37Ra of M. tuberculosis is characterized by extensive arabinan side chains [26] that are extremely potent inducers of TNF-K secretion. In contrast, LAM from the virulent Erdman strain, in which the arabinan side chains are extensively masked by short mannan segments, had approximately 100-fold less activity [10] . However, we have measured the TNF-K release in 2 and 5 Wg ml 3I LAM treated and untreated cells, which did not show a considerable change (data not shown). The TNF-K released by treated cells remained within 1 ng ml 3I and at these low concentrations cannot induce apoptosis. It may be that some other cytokines are involved in the process, which is yet to be studied [27] . Hence all these results are strongly indicative of a highly deleterious e¡ect of LAM from the non-pathogenic species which tend to raise speculations that smegmatis LAM might have characteristics to evoke such a toxic response in human PBMC in spite of structural di¡erences with M. tuberculosis LAM. From all these studies it is suggested that LAM from M. smegmatis at concentrations of 2, 5 and 10 Wg ml 3I not only impaired the PKC mediated signal transduction but also triggered the apoptotic pathway. 
